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An illumination device provides stable illumination for microscopic evaluations. An arc lamp (22) serves as the light source. An 
input optical train (12) focuses the light through an aperture stop (26) to place an image of die arc (23) on an input aperture (42) of a light 
pipe (40). The magnification of the lamp (22) is chosen to reduce variations due to occlusion. The light pipe (40) spatially homogenizes the 
light while preserving the angular integrity. Another optical train (50) receives the spatially homogenized light (45) and focuses many arclet 
images (253) to fill the pupil of a condenser lens (30). The condenser lens (30) focuses the exit aperture (41) of the light pipe (40) onto a 
specimen (300) on a microscope slide (20). A feedback system (60) samples the light (55) and corrects for residual temporal variations by 
electronically modifying the image as it leaves a CCD (22). 
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APPARATUS FOR ILLUMINATION STABILIZATION 
AND HOMOGENI Z AT I ON 
FIELD OF THE INVENTION 

The invention relates to a method and apparatus 
5 to provide temporally and spatially invariant 
illumination of a microscope slide mounted cytological 
specimen and more particularly, to a method and 
apparatus that minimizes variations in global 
illuminance, static field intensity, dynamic field 
10 intensity and angular field intensity while 
illuminating a microscope slide mounted specimen. 
BACKGROUND OF THE INVENTION 
The automated analysis of a biological specimen 
requires a high degree of spatial and temporal 
15 uniformity in specimen illumination for accurate and 
repeatable evaluation. Those evaluations often 
measure photometric properties such as nuclear and 
cytoplasm density. In order to accurately and 
repeatably measure these properties, the illumination 
20 must maintain a high degree of uniformity across the 
field of view and from collected image to collected 
image. In addition, morphological operations are 
conducted to segment various objects in the field of 
view for further analysis. This analysis determines 
25 various feature values related to size, shape and 
frequency content etc. Further, these objects tend to 
be three dimensional in nature and therefore can be 
affected by shadowing, dependent on the angular 
characteristics of the illumination. Operations used 
30 in analyses of such objects tend to exhibit nonlinear 
behavior due to various thresholding schemes that may 
be employed. Therefore, accurate and repeatable 
behavior of these processing methods also necessitates 
a high degree of spatial and angular uniformity across 
35 thfc~" 'field of view" E ~a : nd ~'from collected image to 
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collected image. 

Lack of illumination uniformity due to factors 
such as spatial intensity variations in the light 
source/ physical movement of the source , variations in 
5 slide thickness and dust and debris that occlude the 
optical surfaces of the illuminator may lead to 
erroneous and varying results produced by automated 
cytological instruments . 

For automated cytology applications, a pulsed 

10 mercury or xenon arc lamp was used to because of high 
brightness and low pulse duration. The low pulse 
duration effectively freezes images in motion with 
little or no blur. These systems are typically 
referred to as "flash on the fly" systems. Although 

15 the pulsed arc lamp has advantageous features for use 
in automated pap smear analysis, it also has 
detrimental features including a highly nonuniform 
spatial intensity profile, a variation in overall 
energy output from flash to flash and an undesirable 

20 spatial movement of the arc from flash to flash. 

These detriments render the arc ineffective in its 
natural form for use in illumination of pap smears. 

Prior art methods have employed Kohler 
illumination techniques for the purpose of generating 

25 uniform illumination of microscope specimens by 
creating a magnified image of a source, preferably an 
arc, onto the aperture of a condenser lens. See, for 
example, Bom and Wolf , Principles of Optics, pp. 524- 
525, Pergamon Press Inc., 1980 or O'Shea, Elemgyits pf 
.30 Modern Or Hral Design, pp. 111-114, John Wiley and 
Sons Inc. , 1985 . 

The typical Kohler technique as shown in Figure 
8, the arc 23, is imaged with a magnification of 
twenty times by a lens system 220, onto the aperture 
■-35 73 - of - the condenser- lena 70. Even _with this 
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relatively large magnification the arc image 210 may 
only fill the aperture 73 in one axis . The other axis 
is either left filled with an intensity distribution 
that is highly nonuniform or left underfilled. A 
5 condition resulting from this configuration is an axis 
dependent resolving power of the total system due to 
a differential numeric aperture in each axis. This is 
shown in Figures 9A and 9B. Note that the angles 
defining the numeric apertures, theta and beta, are 

10 different in each axis due to underfill. As the arc 
moves laterally from flash to flash, two more problems 
arise. The first, a variation in angular field 
intensity, causes shading to occur. This is due to 
the non-uniform intensity profile in the pupil as 

15 shown in Figures 6A and 6B. As the arc moves between < 
successive flashes on the same object, shadowing, 
sometimes called shading, can occur and result in the 
same object appearing differently from each flash. 
The second problem resulting from this configuration 

20 is the global illumination variation caused by the arc 
wander. It is easy to see in Figure 8 that as the arc " 
moves laterally the aperture occludes more or less of 
the arc depending on the position of the arc relative 
the aperture . Variation in occlusion of the arc 

25 causes a variation in energy throughput to the 
specimen from flash to flash. This variation is 
referred to as global illumination variation. 

Automated cytology systems, unlike other 
automated vision systems may have a variation in 

30 spatial uniformity due to substrate thickness 
variation. In practice, the substrate, or microscope 
slide thicknesses can vary by as much as 0.9 
millimeters (mm) . * As the microscope slide is 
introduced into the optical path, it becomes part of 

'35* ' ; t:Ke optical apparatus 'for^ilTuDSI^ 
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A variation in thickness of this element may have an 
effect on the axial position of the optical stops of 
the system, in particular, the field stop or detector 
plane. When the slide thickness varies, the location 
5 of the detector, as imaged in the illumination train, 
tends to move along the optic axis. It often happens, 
that this movement of the detector plane falls onto 
one or more element surfaces in the illumination 
train. This causes two problems. First, dust or 

10 defects in those surfaces to be imaged onto the 
detector, thereby creating artifacts . in the image 
plane and degrading the image of the specimen. Those 
skilled in the art can appreciate that a thickness 
variation of 0.9 mm in a glass substrate creates 

15 roughly a 0.3 mm difference in the optical path. 

Those skilled in the art will also appreciate that a 
high magnification of the source used to fill the 
aperture of the condenser may cause a 0.3 mm variation 
in optical path, in object space, to be amplified by 

20 the square of the magnification to produce a 
substantial axial shift in image space of objects 
imaged in the illumination train. This shift can be 
on the order of 100 mm depending on the magnifications 
used. This can easily place the detector image onto 

25 numerous surfaces in the illuminator and thereby cause 
debris or flaws on those surfaces to appear as if they 
were part of the specimen. Those skilled in the art 
will also appreciate that an axial shift of this 
magnitude may create vignetting of one or more 

3 0 elements in the illuminator which can serve to cause 
a drop off in intensity in the object plane. This 
intensity drop is a variation in static field 
intensity. The effects of differing substrate 

thickness and the effects of arc wander can combine to 
- -35 cause the same -field of view to vary - in staticr and ■ 
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angular intensity depending on where the arc is imaged 
and which substrate is being used. This is known as 
a dynamic field intensity variation. 

Therefore, in consideration of the problems 
5 associated with illumination in the automated analysis 
of pap smears, it is a motive of this invention to 
provide illumination of uniform global, static, 
angular and dynamic intensity. 

SUMMARY OP THE INVENTION 

10 The invention provides a microscope illumination 

apparatus comprising a light source for providing 
light energy and a light pipe for maintaining the 
angular nature of the light energy while scrambling 
the spatial characteristics. The light pipe, having 

15 rectangular cross section and an input and output 
aperture, wherein the input aperture is located to 
receive an image of the light source and the output 
aperture provides spatially homogeneous light to the 
microscope. The invention further provides an 

20 aperture stop for passing light of a predetermined- 
area around the optic axis to control the angular 
content of the light input to the light pipe. An 
attenuator positioned along the axis near the input of 
the light pipe receives light passing through the 

25 aperture stope, wherein, the attenuator may be 
calibrated to pass a predetermined proportion of the 
light to control the overall amount of energy passing 
through light pipe. A beam splitter is positioned to 
receive the spatially homogenous light to split the 

30 homogenous light into a first beam and second beam 
wherein the second beam provides light to. the specimen 
for microscopic evaluation. A detector is positioned 
to receive the first beam for providing a detected 
signal indicative of the second beam intensity. The 
*'^1iutomatfea*micros<:o|>fe 'may' use' the- "detectedv signal^^to 
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adjust for the illumination variations of the light 
source. Alternatively , a running average of detected 
signals may be obtained and the illumination level may 
be adjusted based on the running average. 
5 The illumination apparatus of the present 

invention reduces the problem of angular field 
intensity variation by employing a light pipe to 
provide a multitude of arclet images which are then 
imaged on or near the aperture of a condenser lens . 

10 The arclet images may be magnified with respect to the 
actual arc. size. Each alternate arclet is a mirror 
image of the arclet next to it. Therefore, as the 
primary arc moves in a given direction, the arc images 
associated with it move in accordance. However, the 

15 mirror imaged arcs move in the opposite direction. 

The invention reduces angular intensity variation by 
the use of mirror imaging of arclets and magnification 
of arc movement at the condenser aperture. 

Other objects, features and advantages of the 

20 present invention will become apparent to those 
♦ skilled in the art through the description of the 
preferred embodiment, claims and drawings herein 
wherein like numerals refer to like elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 To illustrate this invention, a preferred 

embodiment will be described herein with reference to 
the accompanying drawings . 

Figure 1 shows a schematic of the illumination 
apparatus of the invention used for a 2 Ox 

30 magnification. 

Figure 2 shows a schematic of the illumination 
apparatus of the invention used for a 4x 
magnification. 

Figure 3 shows an alternate embodiment of the 

35 illumination "apparatus of the invention. < 
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Figures 4A, 4B and 4C show a schematic of the 
light pipe. 

Figure 4D shows the homogenization effect for a 
single point of light with only three passes of the 
5 extreme ray. 

Figure 5 shows a schematic of the light pipe 
generating a plurality of arclets of iight. 

Figures 6 A and 6B show the effect of underfill on 
light intensity stability. 
10 Figure 7 shows arclet illumination of a specimen. 

Figure 7A shows an expanded view of arclet 
illumination. 

Figure 8 shows a representation of a Kohler 
i 1 lumina t i on system . 
15 Figures 9A and 9B show the effects of underfill 

numeric aperture. 

Figures 10A and 10B show a schematic diagram of 
an automated cytological analysis system employing the 
apparatus of the invention. 

2 0 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

In a presently preferred embodiment of the 
invention, the system disclosed herein is used in a 
system for analyzing cervical pap smears, such as that 
shown and disclosed in U.S. Patent Application Serial 

25 No. 07/838,064, entitled "Method For Identifying 
Normal Biomedical Specimens", by Alan C. Nelson, et 
al., filed February 18, 1992; U.S. Patent Application 
Serial No. 08/179,812 filed January 10, 1994 which is 
a continuation in part of U.S. Patent Application 

30 Serial No. 07/838,395, entitled "Method For 
Identifying Objects Using Data Processing Techniques", 
by S. James Lee, et al . , filed February 18, 1992; U.S. 
Patent Application Serial No. 07/838,070, now U.S. 
Pat. No. 5,315,700, entitled "Method And Apparatus For 

3 5 Rapidly Processing " Data~ "& eqiie knees'" / " by" ~Ricnard ^S . 
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Johnston, et al., filed February 18, 1992; U.S. Patent 
Application Serial No. 07/838,065, filed 02/18/92 , 
entitled "Method and Apparatus for Dynamic Correction 
of Microscopic Image Signals" by Jon W. Hayenga, et 
5 al.; and U.S. Patent Application Serial No. 
08/302,355, filed September 7, 1994 entitled "Method 
and Apparatus for Rapid Capture of Focused Microscopic 
Images" to Hayenga, et al . , which is a continuation- 
in-part of Application Serial No. 07/838,063 filed on 

10 February 18, 1992 the disclosures of which are 
incorporated herein, in their entirety, by the 
foregoing references thereto . 

The present invention is also related to 
biological and cytological systems as described in the 

15 following patent applications which are assigned to 
the same assignee as the present invention, filed on 
September 20, 1994 unless otherwise noted, and which 
are all hereby incorporated by reference including 
U.S. Patent Application Serial No. 08/309,118, to Kuan 

20. et al. entitled, "Field Prioritization Apparatus and 
Method," U.S. Patent Application Serial No. 

08/309,061, to Wilhelm et al . , entitled "Apparatus for 
Automated Identification of Cell Groupings on a 
Biological Specimen," U.S. Patent Application Serial 

25 , No. 08/309,116 to Meyer et al . entitled "Apparatus for 
Automated Identification of Thick Cell Groupings on a 
Biological Specimen," U.S. Patent Application Serial 
No. 08/309,115 to Lee et al . entitled "Biological 
Analysis System Self Calibration Apparatus," U.S. 

30 Patent Application Serial No. 08/308,992, to Lee et 
al . entitled "Apparatus for Identification and 
Integration of Multiple Cell Patterns," U.S. Patent 
Application Serial No. 08/309,063 to Lee et al . 
entitled "A Method for Cytological System Dynamic 

35 ' Normalization; " U.S . Patent -Application Serial No . 
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08/3 09,248 to Rosenlof et al . entitled "Method and 
Apparatus for Detecting a Microscope Slide Coverslip, " 
U.S. Patent Application Serial No. 08/309,077 to 
Rosenlof et al . entitled "Apparatus for Detecting 
5 Bubbles in Coverslip Adhesive, " U.S. Patent 
Application Serial No. 08/309,931, to Lee et al . 
entitled "Cytological Slide Scoring Apparatus," U.S. 
Patent Application Serial No. 08/309,148 to Lee et al. 
entitled "Method and Apparatus for Image Plane 

10 Modulation Pattern Recognition," U.S. Patent 
Application Serial No. 08/309,250 to Lee et al . 
entitled "Apparatus for the Identification of 
Free-Lying Cells," U.S. Patent Application Serial No. 
08/309,209 to Oh et al . entitled "A Method and 

15 Apparatus for Robust Biological Specimen 
Classification," U.S. Patent Application Serial No. 
08/309,117, to Wilhelm et al . entitled "Method and 
Apparatus for Detection of Unsuitable Conditions for 
Automated Cytology Scoring." 

20 Now refer to Figure 1 which shows a schematic 

representation of the one embodiment of the invention. 
The illumination device of the invention comprises a 
light 10, an optical conditioning system 12, a light 
pipe 40, a mechanical slide with elements 54 and 56 

25 positioned in place to intercept the light leaving the 
light pipe 40, and condenser optics 18. This 
configuration of the device provides for illumination 
suitable for 4X magnification of biological specimens 
300 on a microscope slide 20. 

30 The optical conditioning system 12 includes, a 

collimator lens 24, an aperture stop 26, a bandpass 
filter 28, a condenser lens 30, a turning mirror 32 
and a neutral density filter 34 . The optical elements 
of the optical conditioning system 12, except for the 

35 : ''lieutral^ are ^positioned* ai"ong^" optical 
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axis 36. 

Light 10 comprises a light source 22 and flash 
power unit 17. The light source 22 is positioned to 
provide illumination to the collimator lens 24. In 
5 one preferred embodiment, high intensity arc lamp 22 
serves as the light source 22 . Typically the arc 23 
in an arc lamp 22 is not stable and tends to move from 
flash to flash causing illumination variation. 

The optical conditioning system 12 includes a 
10 collimator lens 24 of focal length 29.5mm, an aperture 
stop 26, a bandpass filter 28, an arc imaging lens 3 0 
with focal length of 100mm, a turning mirror 32 and a 
neutral density filter 34. The arc lamp 22 is 
positioned to provide illumination to the collimator 
15 lens 24. The collimator serves to gather light from 
the lamp 22 and concentrate it into beam 25. This 
beam is directed towards and overfills an aperture 
stop 26. The collimator lens 24 is positioned along 
axis 3 6 between the light source 22 and the aperture 
20 stop 26. The collimator lens 24 directs the light 
beam 25 through the aperture stop 26. The aperture 
stop 26 is chosen so that the light beam 25 will 
overfill the aperture stop 26. 

The beam then passes through a spectral bandpass 
25 filter 28 with a passband of lOnm centered on 570nm. 

These filter characteristics are chosen to provide the 
maximum contrast between the nucleus and cytoplasm for 
specimens stained with the Papanicolaou stain. Other 
filters may be used depending on specimen 
3 0 characteristics. 

The neutral density filter 34 may be positioned 
orthogonally to the light beam 25. The neutral 
density filter 34 has a control input and regulates 
the transmission of light beam 25 passed through the 
3-5-- 1- neutral - density - filter 34 ~ according to a ~ control 
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signal 43, providing an attenuated light beam 35. The 
control signal 43 may be provided during calibration 
of the light 10. The neutral density filter 34 in one 
embodiment is comprised of a disk having a clear area 

.5 in a pie shaped section. The remainder of the disk 
varies linearly in density in a radial direction from 
0.0 optical density to 3.0 optical density. Optical 
density is related to transmission in the following 
way where T is transmission and OD is optical density. 

10 OD = log (1/T) 

The filter is attached to a drive motor 33 for the 
purpose of changing its rotation to pass either more 
or less light depending on the needs of the system. 
The neutral density filter 34 , NDF 34, is located in 

15 the proximity (2mm) of the input aperture 42 because 
the transmission across the NDF 34 varies radially 
around the NDF 34 . Since the transmission varies 
across the NDF 34, placing the NDF 34 after the light 
pipe 40 would provide either arclets 21 across the 

20 aperture that vary in intensity or an illumination 
field that varies in intensity at the slide 20. 
Likewise, placing the NDF 34 before the input aperture 
will result in an illumination whose intensity is 
dependent on angle. The homogenizer conserves the 

25 angular distribution of the light so it will not have 
a corrective effect on the angular distribution of the 
light. Placing the NDF 34 after the homogenizer may 
either create spatial or angular intensity variations 
or combinations of both. The light pipe 40 

30 homogenizes this variation. 

The light beam 25 provided by an arc lamp 22 may 
vary due to aging, variation in the amount of energy, 
and other causes. When light beam 25 provides an 
excess of light intensity, the neutral density filter 

3S ' 34~ may" be* = rotatfed ~*sucH""'tltet "a ^l^ss 'erarismissive 
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optical region may be used. When the light beam 25 
provides a lesser amount of light intensity, a more 
optically transmissive region may be used. In one 
preferred embodiment of the invention, the neutral 
5 density filter 34 provides variable transmittance that 
changes at a continuous rate. 

The beam then passes through the lens element 30 
which creates an image of the arc lamp 35 at a 3X 
magnification at a distance of 100mm from the lens 

10 element 30. This image is conjugate with the input 
aperture 42 of the light pipe 40. However, before 
reaching the light pipe 40, the beam passes through a 
neutral density filter and is deviated 90 degrees by 
a turning mirror 32 . Those skilled in the art will 

15 appreciate that the mirror 32 provides for a designed 
footprint and that other configurations are possible 
without deviating from the scope of the invention. 
The aperture stop 26 in conjunction with the lens 
elements 24 and 30 limit the input numeric aperture 

20 into the light pipe 40 to NA 0.13. Lenses 24 and 30 
in combination provide a 3:1 magnification of the arc 
23 at the input of the light pipe 40. The magnified 
image 35 of the arc is roughly 1.8 mm at the input 
aperture to the light pipe 40. The input aperture 42 

25 is square with a 2.6mm side dimension. These 
dimensions were chosen to underfill the input aperture 
to the light pipe 40 to allow for lateral movement of 
the arc without causing obscuration leading to light 
loss. This reduces global illumination variation. 

3 0 Those skilled in the art will appreciate other ratios 
of underfill can be used without deviating from the 
scope of the invention. 

Light pipe 40 has an input aperture 42 and an 
output aperture 41. Light entering the light pipe 40 

35" at the input aperture "42 travels in a direction along- 
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the optic axis reflecting off the walls until it exits 
at point 41. A pellicle 16 encapsulates the end of 
the light pipe 40 in a sealed and clean space. This 
prevents dust from landing on the output aperture 41 
5 and being imaged onto the specimen 300, The pellicle 
16 is positioned far enough beyond the aperture 41 to 
keep dust that may fall on it out of focus at the 
specimen 300. The lens 56, with a focal length is 
positioned to collimate the output beam of the light 

10 pipe 40 originating at the output aperture 41. 

Additionally, the lens 56 images the input aperture 42 
of the light pipe 4 0 at a point roughly 21.6 mm beyond 
the principle plane of the lens 56. This point is 
roughly 1mm beyond the turning mirror 54. The lens 58- 

15 with a focal length of 100mm accepts the : collimated 
light beam from lens 56 and creates an image 53 of the 
output aperture 41. The path is deviated twice by 90 
degrees with two turning mirrors 54 . Lens 58 also 
serves to collimate the input aperture image 250. The 

20 beam is again deviated 90 degrees by a turning mirror 
54 to be accepted by a lens 59. Lens 59 with a focal 
length of 100mm is positioned along the axis to 
collimate the image 53 of the output aperture 41. At 
the. same time, lens 59 forms an image 253 of the input 

25 aperture 42 at a point roughly 100mm beyond the 
principal plane of the lens 59. The image 253 is 
comprised: of a plurality of arclet images formed by 
the interaction of the light pipe 4 0 and the 
previously disclosed elements. 

30 A beam splitter 62 with a 70:30 reflection to 

transmission ratio intercepts the beam allowing 3 0% of 
the incident light to pass through. Seventy percent 
of the light is deviated 90 degrees to allow the image 
253 to be formed in the vicinity of the pupil 73 of 
"3? % We : denser renS'~70\ *Ther ^bttdenser* -lensr -7 & 7 - with— a 
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focal length of 20mm, forms a secondary image 256 of 
the exit aperture 41 conjugate with the specimen plane 
300. Light forming this image first passes through 
the microscope slide 258. The image 256 is 2.6mm on 
5 a side with a numeric aperture of 0.13. In the 
preferred embodiment, the output aperture 41 of the 
light pipe 40 serves as the field stop for the 
illumination system. This stop is oversized by 2 
times with respect to the CCD image on the slide. 

10 This accounts for any residual movement of the slide 
20 as imaged into the illuminator that may occur as 
the slide thickness changes. This prevents vignetting 
which causes illumination drop-off at the edges of the 
field due to the absence of a full cone angle of 

15 illumination at the edge of the output aperture 41. 

This feature if the design minimizes variation of the 
static field intensity due to any residual movement of 
the field stop image caused by slide thickness 
variation, 

20 Slide 20 is illuminated by a number of arclets of 

light 21. Each arclet 21 is schematically illustrated 
in more detail in Figure 5. The condenser lens 70 
provides uniform illumination of the specimen 3 00 by 
focusing the arclets 21 at infinity or near infinity 

25 while imaging the output aperture 41 on to the 
specimen. The strobe sensor receives light by means 
of beam splitter 62 positioned in the path between 
lens 59 and aperture 73. The 70/30 RT beam splitter 
62 provides strobe sensor 65 with 30% of the arclet 

30 image through a spherical lens 64. Strobe sensor 65 
is conjugate with the specimen field. A spherical 
lens 64 is sized to receive the full lateral and 
angular extent of the arclet illumination. The sensor 
67 provides a signal indicative of the illumination 

35 levels at the specimen 300 . -Therefore , this signal 91- 
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can be used to adjust the signal from the CCD 22 to 
mitigate any residual global illumination variation 
that was not mitigated by the underfill of input 
aperture 42. 

5 Thirty- five mm from beam splitter 62 is the 

principal plane of lens 59. Lens 59 images the 
arclets 21 at the aperture stop 73 and culminates the 
image from the output aperture 44 . The output 
aperture 44 of light homogenizer 40 also acts as a 

10. field stop and is encapsulated by pellicle 47 to 
prevent dust and debris from being imaged onto the 
slide 20. Because dust and debris is prevented from 
falling on output aperture 44 , lenses 59 and 70 
combine to provide a 5-to-l magnification of the 

15 output aperture 44 of the light pipe 40. In one 
preferred embodiment, the field stop may be 2.6 mm on 
a slide to match the CCD camera size. The output 
aperture 44 is oversized as compared to the CCD image 
on the slide. This prevents vignetting which causes 

20 illumination drop off at the edges due to absence of 
•a full cone angle at the edge of the output aperture 
44. 

A microprocessor 540, running a real time 
operating system, controls the microscope to acquire 

25 and digitize images from the microscope. The flatness 
of the slide may be checked, for example, by 
contacting the four corners of the slide using a 
computer controlled touch sensor. The computer 54 0 
also controls the microscope stage to position the 

30 specimen under the microscope objective, and from one 
to 15 field of view (FOV) processors 568 which receive 
images under control of the computer 540. It is to 
be understood that the various processes described 
herein may be implemented in software suitable for 

3£T " ~ ruHhihg* on""a J digital prbfcessor?" '^ ; The" software' 'may be'" 
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embedded, for example, in the microprocessor 540. 

Refer now to Figure 2 which shows one alternate 
embodiment of the invention suitable for 2 OX 
microscopic illumination. In this embodiment the 
5 mechanical slide 52 is positioned to allow light to 
freely pass to the lens element 59. The position of 
lens element 59 is chosen to collimate the output of 
the light pipe 40 for the light beam emanating from 
the output aperture 41 when the mechanical slide is 

10 positioned to remove the elements 56 and 54 from the 
optical path. The lens element 59 also images the 
input aperture 42 of the light pipe 4 0 in the vicinity 
of the pupil 73 of the condenser lens 70. The 
condenser lens 70 with a focal length of 20mm creates 

15 an image 256 of the output aperture 41 on the specimen 
300- This image is provides for a field of 
illumination that is 0.52mm on a side with an NA .60. 
However, the pupil of the condenser lens in the 2 OX 
case is set to 0.45 NA. This coupled with a Numeric 

20 Aperture of the imaging objective of 0.75 serves to 
maximize the contrast of the frequencies of interest 
in the specimen. 

Now refer to Figure 3 which shows an alternate 
schematic diagram of one embodiment of the apparatus 

25 of the invention to provide uniform illumination of 
the specimen 300. A light source 22 illuminates an 
optical conditioning system 12 with light. The 
optical conditioning system 12 provides a light bundle 
of a predetermined numeric aperture, predetermined 

3 0 spectral frequency bandpass, and predetermined 
intensity to the light pipe 40. The optical 
conditioning system 12 underfills the input of the 
light pipe 40. The light pipe 40 provides a light 
bundle of homogenized spatial content to a transport 

35 • optical system 50*. — The- transport "optical system 50 
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collimates the output aperture 41 of the light pipe 4 0 
while imaging the input aperture 42 of the light pipe 
40 near the pupil 73 of condenser lens system 100. 
Imaging of the input end provides a plurality of 
5 images of the input aperture 42 of the light pipe 40 
due to internal reflections in the light pipe 4 0 with 
a primary image of the input aperture 42 centered on 
the optical axis. The plurality of images fill the 
input of pupil 73 of the condenser lens system 100. 
10 The condenser lens system 100 images the collimated 
light corresponding to the output aperture 41 onto the 
specimen 300. An optical sensor 122 receives an image 
of the specimen 3 00 that has been uniformly 
illuminated. 

15 Now refer to Figures 4A, 4B, 4C, 4D and 5 which 

show the operation of the light pipe 40 to generate 
arclets 21 and homogenize an input light pattern. The 
light pipe 4 0 is a solid glass parallel -piped, 
preferable made of BK7. All six surfaces of the 

20 parallel piped are polished to optical smoothness. 

The aspect ratio of the light pipe 4 0 of the in one 
embodiment is 100:1 with a side dimension of 2.6mm. 
Other aspect ratios may be chosen without deviating 
from the scope of the invention. Given an extreme ray 

25 angle defined by the numeric aperture of 0.13, those 
skilled in the art will appreciate that over eight 
reflections of the extreme ray occur inside the light 
pipe 40, The reflections follow the laws of total 
internal reflection and therefore are practically 

30 lossless. 

Figure 4D demonstrates the homogenization effect 
for a single point of light with only three passes of 
the extreme ray. Note the output intensity profile is 
uniform relative to the input intensity profile. 
- ~ 35* ~ ? Figures r ; 4Sr*4B'- arid"4C "bSow ' the iff feet of" the lighr 
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pipe 4 0 coupled with a lens 260 to generate arclet 
images A' , B' and C from a point A in the primary 
input aperture 42. Note, the ray fan from point A 
passes through the light pipe 40 without reflection 
5 and forms in image A' by lens 260. The image B' is 
formed by the ray fan from point A that has a ray fan 
defined by the following extreme rays . One extreme 
ray of the fan originates at point A and reflects off 
the side of the light pipe 4 0 just before it leaves 
10 the light pipe 4 0 at the edge of the output aperture 

41. The other extreme ray defining the fan originates 
at point A and reflects off the light pipe 4 0 at a 
point halfway between the input and output apertures 
42 and 41 respectively. If one were to trace these 

15 rays backwards in space, shown as dotted lines 400 and 
401, they would intersect at a point in space 
originating in the same plane as the input aperture 

42 . They would also intersect at a point exactly one 
aperture width away from point A. Likewise the image 

20 C and its complement virtual object C are formed in 
the same manner. Note that the images A',B' and C 
are practically all at the same intensity level due to 
the lossless total internal reflections of the light 
pipe 40. Those skilled in the art will also 

25 appreciate that an additional set of images A", B" and 
C" etc. will also form on the opposite side of the 
axis from the primed images due to complementary ray 
fans on the other side of the optic axis. 

In the preferred embodiment of this invention 

3 0 those skilled in the art will appreciate that given 
the length of the light pipe 4 0 in combination with 
the input NA, approximately sixteen images, eight on 
each side of the optical axis, of the input, aperture 
42 will be formed at the condenser pupil 73 . Those 

35 -skilled in -the art wi 1-1 -also appreciate that the -prime 
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images A', B' and C will move in a direction opposite 
in sign from the double prime images A", B" and C" as 
the primary arc image A moves laterally on the input 
aperture 42 . Figure 7 demonstrates in clearer detail 
5 the effects of imaging the arclets onto the aperture 
73 of the condenser lens 70, Figure 7A shows an 
expanded view of arclet illumination. The specimen 
300 is illuminated by a full cone angle of 
illumination defined by aperture 26. However, the 

10 full cone of illumination is comprised of many smaller 
cone angles of illumination. Each of these smaller 
cones has an intensity profile defined by the 
intensity profile of the arc image 35. Since each 
individual arclet only covers a small area of the 

15 condenser aperture , movement of the arc only creates 
a small change in the angular intensity seen by the 
specimen 300. Further, each nearest neighboring 
arclet moves in the opposite direction, thereby, 
mitigating the effects of its neighbor. Therefore, 

20 this invention minimizes angular intensity variation. 
This provides for a mitigation of the effects of 
shading due to arc movement at the input aperture 42 . 

Figure 5 shows a perspective drawing of the 
plurality of arclet images filling the input pupil of 

25 the condenser by means of the light pipe 4 0 and the 
lens system 260. Those skilled in the art will 
appreciate that other combinations of the NA and 
length can be constructed and will not deviate from 
the scope of the invention. 

3 0 Refer now to Figure 1, in one embodiment of the 

invention input aperture 4 2 is 250 mm behind exit 
aperture 44. Arc 23 is imaged with optical 
conditioning system 12 such that the arc is about 1.7 
mm wide and at a numeric aperture of .13 at input 

35 * aperture ~ 42 . ~ The light homogeniVer 40 provides a 
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spatially uniform light distribution at exit aperture 
41. The light homogenizer 40 spatially scrambles 
entering light while maintaining the angular integrity 
to provide a uniform light distribution at the output. 
5 The total internal reflection of the light homogenizer 
4 0 provides the arclets 21 by creating a multitude of 
arc images in a virtual plane located at the input 
aperture of the light homogenizer 40. Thus, it 
appears that there are multiple sources of the arc 

10 distributed in space. Each arclet is reduced in 
intensity and, because of total internal reflection, 
each are about the same intensity. The uniformity is 
due to the radial radiation pattern from the arc being 
uniform in all directions. Each arclet represents a 

15 small proportion of the total cone angle. 

The output aperture 41 is imaged by lens 59 close 
to aperture 73 . Those skilled in the art will 
appreciate that the arclets 21 could be imaged at 
other locations in the optical train without deviating 

20 from the scope of the invention. 

For the 4x system doublet 56 and 58 provides a 
uniformly illuminated field on slide 20 that is 2.6 mm 
on a side at a numeric aperture of .13. For the 20x 
system, the aperture 73 is 18 mm, and for the 4x 

25 system, the aperture 73 is 5.2 mm. Instead of a 5-1 
magnification , the lens system provides a one-to-one 
relay of the exit aperture 41. 

In one preferred embodiment, the light 
homogenizer 40 may have a high aspect ratio between 

30 length and cross -sect ion, and be formed from a glass 
parallelepiped. The output end 44 of the light 
homogenizer 40 provides a spatially homogenized light 
output 45 while preserving angular integrity. 

The illumination device 10 provides a spatially 

35 * homogenized *light* output 45 to a transport 1 optical ~ 
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system 50 to condition the homogenized output 4 5 for 
a selected magnification. The transport optical 
system 50 receives the spatially homogenized light 
output 45 from the light homogenizer 40. The 
5 transport optical system 50 includes a slide mechanism 

52, a plurality of mirrors 54, an initial lens 56, a 
secondary lens 58, and a final lens 59, as shown in 
Figure 1. The plurality of mirrors 54, the initial 
lens 56 and the secondary lens 58 are mounted on the 

10 slide mechanism 52. The slide mechanism 52 may be 
moved relative to the illumination device 10 as 
indicated by a double-headed arrow 51, providing for 
different levels of magnification of the spatially 
homogenized light output 45. 

15 When the slide mechanism 52 is in the position as 

shown the homogenized output 45 is received by the 
initial lens 56. The initial lens 56 focuses the 
homogenized output 45 through the secondary lens 58, 
which provides an secondary focus, allowing the 

20 homogenized output 45 to pass through a field stop 53 
and pass through the final lens 59. The plurality of 
mirrors 54 allows for lengthening of the optical path, 
while maintaining the angular integrity of the 
spatially homogenized light 45. The plurality of 

25 mirrors 54 also serves to direct the spatially 
homogenized light 45 through each lens, diverting the 
light through the secondary lens 58 and the field stop 

53, and then back to the original path through the 
final lens 59, providing a first magnified output 55. 

30 In one example embodiment, the initial lens 56 

focuses the rays of the homogenized output 4 5 along 
substantially parallel paths. The secondary lens 58 
focuses the homogenized output 45 at a focal point 
located at the position of the field stop 53. The 

-35- - - final- le-ns-^59 -f ocuses • the- homogenized -output— 45- back * 
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along substantially parallel paths. 

When the slide mechanism 52 is moved away from 
the output end 44 of the light homogenizer 40, the 
illumination device 10 takes the configuration as 
5 shown in Figure 2, and the spatially homogenized light 
output 45 may proceed directly to the final lens 59. 
The homogenized light output 4 5 passes through the 
final lens 59 and is transmitted as a second magnified 
output 57. In one preferred embodiment, the first 

10 magnified output 55 is provided for 4X magnification, 
and the second magnified output 57 is provided for 2 OX 
magnification. 

The invention also includes a lamp correction 
train 60. The lamp correction train 60 includes a 

15 beam splitter 62 and a strobe sensor 67. The beam 
splitter 62 divides a predetermined proportion of 
radiation from either the first magnified output 55 or 
the second magnified output 57, and allows a sample 
output 66 to pass through and reflects a conditioned 

20 output 68. In one example embodiment, the conditioned 
output 68 and the sample output have a 70:30 ratio. 
The strobe sensor 67 is positioned to detect the 
sample output 66 and provides a sample signal 
representative of the intensity of the sample output 

25 to a lamp correction circuit. The lamp correction 
circuit analyzes the signal and accounts for strobe to 
strobe variation during microscopic analysis. 

A specimen condenser 70 receives the reflected 
conditioned output 68 from the beam splitter 62. The 

30 specimen condenser 70 images the conditioned output 68 
at the proper size and numerical aperture on the 
microscope slide 20. 

Figures 6A and 6B show the effect of underfill on 
light intensity stability. Figure 6A shows the arc 

35 " -centered- in -the aperture stop 26 . -~ In Figure .-SB "the-- 
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arc has moved to the edge of the aperture . Because 
magnification of the arc is chosen to underfill the 
aperture stop 26, this movement of the arc does not 
significantly affect the intensity of the light passed 
5 through the aperture stop 26. When the arc is 
magnified to fill the aperture stop 26, this movement 
of the arc would cause over half of the arc to be 
occluded, reducing the intensity of light passed 
through the aperture stop 26 by a like proportion. 

10 Now refer to Figures 10A and 10B which show a 

schematic diagram of an automated cytological analysis 
system employing the apparatus of the invention. The 
cytological system comprises an imaging system 502 , a 
motion control system 504 , an image processing system 

15 536, a central processing system 540, and a 
workstation 542 . The imaging system 502 is comprised 
of the uniform illuminator 10 of the invention, 
imaging optics 510, a CCD camera 722, an illumination 
sensor 514 and an image capture and focus system 516 . 

20 The image capture and focus system 516 provides video 
timing data to the CCD cameras 512, the CCD cameras 
512 provide images comprising scan lines to the image 
capture and focus system 516. An illumination sensor 
intensity is provided to the image capture and focus 

25 system 516 where an illumination sensor 514 receives 
the sample of the image from the optics 510. In one 
embodiment of the invention, the optics may further 
comprise an automated microscope. The illuminator 508 
provides illumination of a slide. The image capture 

30 and focus system 516 provides data to a VME bus 538. 

The VME bus distributes the data to an image 
processing system 536. The image processing system 
536 is comprised of f ield-of -view processors 568. The 
images are sent along the image bus 564 from the image 

3S' s ^'-^eap£uFe : 1axxci focus system 516 V~ A central ^pt^&sffSor : 540"~ 
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controls the operation of the invention through the 
VME bus 538. In one embodiment the central processor 
562 comprises a Motorola 68030 CPU. The motion 

controller 504 is comprised of a tray handler 518, a 
5 microscope stage controller 520, a microscope tray 
controller 522 , and a calibration slide 524 . The 
motor drivers 526 position the slide under. the optics, 
A bar code reader 528 reads a barcode located on the 
slide 524. A touch sensor 53 0 determines whether a 

10 slide is under the microscope objectives, and a door 
interlock 532 prevents operation in case the doors are 
open. Motion controller 534 controls the motor 
drivers 526 in response to the central processor 540. 
An ethernet communication system 560 communicates to 

15 a workstation 542 to provide control of the system. 

A hard disk 544 is controlled by workstation 550. In 
one embodiment, workstation 550 may comprise a Sun 
Spark Classic (TM) workstation. A tape drive 54 6 is 
connected to the workstation 550 as well as a modem 

20 548, a monitor 552, a keyboard 554, and a mouse 
•pointing device 556. A printer 558 is connected to 
the ethernet communication system 560. 

During the time when the field of view processors 
568 are obtaining image data the image capture and 

25 focus system 516 is adjusting the pixel values by an 
amount proportionate to the output of the strobe 
intensity sensor 91. The invention provides a dynamic 
adjustment of the output of the CCD arrays to 
compensate for variations in slide illumination. In 

30 an alternate embodiment of the invention a running 
average of strobe intensities is computed and the 
average value is used to compensate for variations in 
slide illumination. A running average of 300 samples 
of the illumination intensity may be used, the 300 

35 samples may be - stored in - the memory - of - the FOV ■- 
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processors . 

The invention has been described herein in 
considerable detail in order to comply with the Patent 
Statutes and to provide those skilled in the art with 
5 the information needed to apply the novel principles 
and to construct and use such specialized components 
as are required. However, it is to be understood that 
the invention can be carried out by specifically 
different equipment and devices, and that various 
10 modifications, both as to the equipment details and 
operating procedures, can be accomplished without 
departing from the scope of the invention itself. 
What is claimed is: 
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An apparatus for specimen illumination in an 
automated cytological system comprising: 

a) a light source (22) for providing a light; 
and 

b) a light pipe (40) having an input aperture 
(42) and an output aperture (41) , wherein 
the input aperture (42) is located to 
receive the light (23) and the output 
aperture (41) provides conditioned light 
(4 5) forming a plurality of input aperture 
images (253) to illuminate a specimen (300) 
on a microscope slide (20) . 

The apparatus of claim 1 further comprising: 

a) a first lens (56) positioned to receive the 
conditioned light (45) having a plurality of 
input aperture images output (253); and 

b) a second lens (58) positioned to receive the 
plurality of input aperture images output 
(253) such that an image of the plurality of 
input aperture images is imaged near an 
aperture (53) of the second lens (58) . 

The specimen illumination apparatus of claim 1 
wherein the light source further comprises: 

a) a lamp (22) having an arc (23) for providing 
the light; 

b) an aperture stop (26) for passing light 
within a predetermined area around an axis 
(36) defined by the lamp (22) and the 
aperture stop (26) and blocking stray light; 
and 

c) an attenuator (34) positioned along the axis 
- (36) -to receive the light, -wherein the 
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attenuator (34) may be calibrated to pass a 
predetermined proportion of the light to the 
specimen (300) . 

The specimen illumination apparatus of claim 3 
wherein the attenuator (34) is positioned 
substantially close to the input aperture (42) . 

The specimen illumination apparatus of claim 3 
further comprising a collimator lens (24) located 
along the axis (36) between the lamp (22) and the 
aperture stop (26) for gathering the light from 
the arc (23) , and an arc imaging lens (30) 
located between the aperture stop (26) and the 
input aperture (43) to provide a magnification 
such that the arc (23) underfills the input 
aperture (43) . 

The specimen illumination apparatus of claim 3 
further comprising a spectral filter (28) located 
along the axis (36) for receiving the light from 
the light source (22) and passing in-band- light 
while blocking out-of-band light. 

The specimen illumination apparatus of claim 3 
wherein the attenuator (34) comprises a neutral 
density filter including an optically clear 
region and an optically shaded region having an 
optical density wherein the optical density 
increases 1 inearly . 

The specimen illumination apparatus of claim 1 
wherein the light source (22) further comprises 
an arc lamp for providing the light. 
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9. The specimen illumination apparatus of claim 1 
further comprising a turning mirror (32) mounted 
along the axis (3 6) for diverting an optical path 
(36) of the light. 

5 10. The specimen illumination apparatus of claim 1 
further comprising a correction circuit (60) , 
wherein the correction circuit (60) samples the 
light (55) and provides a signal (91) indicative 
of an intensity of the light (55) . 

10 11. The specimen illumination apparatus of claim 10 
wherein the correction circuit (60) further 
comprises: 

a) a beam splitter (62) positioned to receive 
the light for splitting the light (55) into 

15 a first beam (66) and a second beam (68) 

wherein the second beam (68) provides 
illumination for a microscopic evaluation; 
and 

b) a detector (65) positioned to receive the 
20 first beam (66) for providing a detected 

signal (91) indicative of the second beam 
(68) intensity. 

12 . The specimen illumination apparatus of claim 1 
wherein the specimen (300) comprises a 

25 gynecological specimen prepared by the 

Papanicolaou method . 

13 . The specimen illumination apparatus of claim 1 
wherein the light pipe (4 0) comprises a light 
homogenizer having a high aspect ratio of length 

30 to cross -section. 
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14 . The specimen illumination apparatus of claim 1 
further comprising magnifying optics (50) 
positioned to receive the conditioned light (45) 
from the light pipe (4 0) , wherein the magnifying 

5 optics (50) include a path extension that may be 

used to lengthen an optical path (36) for a 
selected magnification. 

15. The specimen illumination apparatus of claim 14 
wherein the path extension comprises a plurality 

10 of lenses (56, 58) and a plurality of mirrors 

(54) mounted on a slide (52) , wherein the slide 
(52) may be inserted or removed from the optical 

path (36) to provide for a selected 

magnification. 

15 16. The specimen illumination apparatus of claim 1 
further comprising specimen condenser optics (70) 
for receiving the conditioned light (55) and 
focusing the conditioned light (55) at a proper 
size and numeric aperture on a microscope slide 

20 (20) . 

17. The specimen illumination apparatus of claim 2 
wherein the second lens (58) comprises a 
microscope condenser lens . 

18 . The specimen illumination apparatus of claim 1 
25 further comprising a chamber (16) having an exit 

window positioned over the output aperture (41) 
of the light pipe (40) , wherein the exit window 
is disposed to allow transmission of the 
conditioned light (45) . 

30 ~' ' Id . The specimen illumination ? aj>pairatu ; s -of'- claim* 18 
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wherein the exit window is located sufficiently 
far away from the output aperture (41) of the 
light pipe (40) to keep any dust or debris on the 
exit window out of focus. 

5 20, A light spatial intensity homogenizing and 
angular intensity variation minimizing specimen 
illumination apparatus comprising: 

a) a light source (22) for providing a light; 

b) a light pipe (40) having an input aperture 
10 (42) and an output aperture (41) , wherein 

the input aperture (42) is located to 
receive the light and the output aperture 
(41) provides conditioned light (45) to 
illuminate a specimen (300) on a microscope 
15 slide (20) ; 

c) a first lens (56) positioned to receive the 
conditioned light (45) having a transmitted 
light output; and 

d) a second lens (58) positioned to receive the 
20 transmitted light output such that an image 

of the input aperture (42) is imaged near an 
aperture (53) of the second lens (58) . 

21. The specimen illumination apparatus of claim 20 
wherein the light source further comprises : 
25 a) a lamp (22) having an arc (23) for providing 

the light; 

b) an aperture stop (26) for passing light 
within a predetermined area around an axis 
(36) defined by the lamp (22) and the 

30 aperture stop (26) and blocking stray light; 

and 

c) an attenuator (34) positioned along the axis 

- - - (36) - to - receive the light, wherein"* t he - 
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attenuator (34) may be calibrated to pass a 
predetermined proportion of the light to the 
specimen (300) . 

22. The specimen illumination apparatus of claim 20 
5 wherein the attenuator (34) is positioned 

substantially close to the input aperture (42) . 

23. The specimen illumination apparatus of claim 21 
further comprising a lens (24) located along the 

10 axis (36) to gather light from the arc (23) and 

provide a magnification of the arc (23) such that 
the arc (23) underfills the input aperture (42) . 

24 . A process for providing spatially and temporally 
uniform light for use in microscopic evaluations 

15 comprising the steps of: 

a) providing a light (22) ; 

b) gathering and focusing the light to provide 
a focused beam; 

c) providing an attenuator (34) for passing a 
20 predetermined proportion of the focused 

beam; 

d) spatially homogenizing (4 5) the focused 
beam; 

e) splitting the focused beam into a first beam 
25 (66) and a second beam (68) ; 

f ) detecting the first beam (66) to provide a 
signal (91) indicative of an intensity of 
the first beam (66) ; and 

g) providing the second beam (68) to illuminate 
30 a microscope slide (20) for microscopic 

evaluations . 
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where the conditioned light (55) comprises: 

a) the output aperture (41) imaged near the 
specimen plane; and 

b) a proper magnification of the output 
5 aperture (41) to overfill detector (22) 

receiving the image of the specimen (300) by 
a factor of at least 1.5 times. 
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